Introduction
Two areas of concern to both the sci enti fi c communi ty and the general public are energy conservation and indoor air pollution.
Strategies designed to reduce energy costs are not always compatible with acceptable indoor air quality. For example, the increased use of alternative fuels aimed at reducing residential heating cost--such as the shi ft to wood-burni ng stoves--can have a detri mental effect on indoor air quality if the alternative-fuel appliance emits pollutants indoors.
Wood-burning stoves have been found, under some conditions, to contribute to indoor concentrations of carbon monoxide, nitric oxide, nitrogen dioxide, and suspended particles containing polynuclear aromati c hydrocarbons (PAH) i ncl udi ng benzo( a )pyrene 0-4 ).
Indoor pollutants emitted from wood-burning stoves can enter into the indoor environment during starting and stoking operations, or they can be emitted continuously if a leak or crack exists in the stove or its vent system. In this study we investigated the impact on indoor air quality from the use of four different wood-burning stoves in an occupied house under simulated use conditions. Measurements of carbon monoxide (CO), nitric oxide (NO), nitrogen dioxide (N02), formaldehyde (HCHO), total suspended particles (TSP), submicron suspended particles «0.6 !-1m) and five PAH compounds are discussed in this paper. The PAH compounds investigated were benzo(b)fluoranthene (BbF), 
Experimental Methods

Test House
The house used in thi s study was in Truckee, Ca 1 i forni a (el evation: 1800 m) where wood stoves are common home heating appl iances.
The house was a single-floor, ranch-type structure with a volume of 236 m 3 • The house was occupied by the project staff during the tests. Figure 1 shows the floor plan and the location of the stove and air sampling sites. All windows, closet doors, and outside doors were closed during the tests while all bedroom doors were left open.
Wood-burning Stoves
Four models of wood-burning stov~s were tested to determine their contribution to indoor air pollution. Basic information on each stove is listed on Table I . Three models were considered air-tight while one was not. The flue vent system was 20 cm (8 inches) in diameter and was equipped with a damper. Stoves A, C, and 0 were designed for 20 cm flues. Stove B was designed for a 15 cm flue and an adaptive collar was used. Stove A was operated both with its doors opened, as a fireplace, and with its doors closed; stove 0 was operated with its 3 doors closed. All stoves had upstream dampers while stove D had both an upstream and a downstream dampe~
Instrumentation and Analytical Methods
Gaseous poll utant concentrati ons, except for HCHO, were measured using the Lawrence Berkeley Laboratory Mobile Atmospheric
Research Laboratory (MARL) (5-6). These pollutants were monitored in the living room, kitchen, master bedroom, and outside on a 24-minute rotating cycle, six minutes at each location. HCHO was measured at all four locations using an integrating bubbler/collection system (7).
Temperature measurements were made continuously at all four locations.
Air exchange rates were measured using an automated sulfur hexafluoride tracer system.
Integrated TSP concentrations were gravimetrically determined using samples collected on Teflon filters. Face velocites across the filters ranged from 70 to 80 cm/sec. Typically, a single filter was used per test at one indoor and one outdoor location. If a filter became heavily loaded, based on an excessive increase in pressure drop across the filter, the filter was change~ PAH concentrati ons were determi ned from the TSP fi 1 ter sampl es.
One section (2.00 cm 2 ) of the teflon filter was extracted in 0.40 ml peroxi de-free spectral qual ity tetrahydrofuran by soni cati on at 25°C where: The approach used to determine values of a, k, and P has been previously published along with a more detailed discussion of the indoor air pollution model (11). Of interest in this paper is the penetration factor, P, applied to particles of outdoor origin. Using the following equation, the penetration factor can be calculated with data from tests when no wood-burning stove was operated.
All tests were designed to simulate actual use conditions. The stoves were initially started using pine kindling. Depending on the test, either pine or oak logs were used to fuel the stoves. Stove 
Results and Discussion
A summary of combustion times, consumed fuel mass, air exchange rates, CO data, and submicron particulate data isshown in Table II . Table III summarizes the TSP and PAH. results. In general, the three air-tight stoves (A, B, and C) emitted only small amounts of pollutants indoors. However, the one non-air-tight stove (D) emitted large amounts of CO and PAH-containing suspended particles.
All air-tight stoves caused-at-least one short-term increase in CO and submicron particulate levels. Figure 2 shows the real-time Envi ronmental Protecti on Agency's outdoor 24-hour TSP standard is 260 jJg/m 3 , the 8-hour CO standard is 9 ppm and the l-hour CO standard is 35 ppm (12); however, the indoor environment was not a consideration in the development of these standards.)
I ndoor and outdoor NO and N02 concentra ti on s were low for all tests conducted. Indoor and outdoor average NO and N02 concentrations were below 0.02 ppm, except for NO in tests 0-2 and 0-3, where the average increase in NO concentration was 0.021 ppm and 0.070 ppm, respectively. HCHO concentrations were also low in general. The only stove to cause an increase in HCHOconcentrations above the house's normal background was stove O. The HCHO increases ranged from 10 ppb for test 0-2 to 49 ppb for test 0-3.
The ratio of the sum of the five PAH concentrations to the TSP concentration varied between test types (see Table II!) .
Qualitatively, the PAH/TSP ratio increased with the amount of TSP 9 originating from wood-burning stoves; however, other factors such as burn rates can affect the PAH/TSP ratio. Note that tests A-2 and D-3 had unusually high ratios for their respective groups and were also tests with relatively uncontrolled air flows across the wood.
Carbon monoxi de, TSP and BaP source strengths were cal cul ated using Eq. 1 for all tests and are shown on Table IV .· For tests with stove D, an estimate was made for the average TSP and BaP concentrations by utilizing the real-time profiles from the sub-micron particulate analyzer (see Table III The source strength data on Table IV illustrate many points.
First, even without a wood stove operating there appeared to be a source of TSP. Since the house had no other obvious source of suspended parti cl es, we concl ude that house "dust" was suspended or resuspended by the researchers in the house or by some other unidentified mechanism. Second, we again observe the great difference between the emissions from the air-tight versus non-air-tight models.
Finally, we observe the wide variation in emission rates for the non- ..
Another possible explanation of our observations is entrainment of reentrainment of background dust particles whose origin is not fresh wood smoke. Such parti cl es woul d not be expected to have the same relative composition 'of PAHs as wood smoke;' As an example, urban aerosols are relatively enriched in 6-ring compounds (23). As discussed earlier, we did observe background particles whose origin was not fresh wood smoke. Arguing against this explanation is the observation that, for the two background tests, the indoor PAH concentrations tracked the outdoor levels. The lack of a satisfactory explanation to account for differences in apparent penetration factors for different PAH compounds does not significantly alter the thrust of this paper. However, we urge caution in the interpretation of results that depend on accurate penetration factors.
Conclusions
All of the wood-burning stoves tested emitted at least trace amounts of CO and suspended particles into the indoor environment based on real-time peaks that corresponded to starting, stoking and/or reloading times. In general, the air-tight stoves emitted only minor amounts of pollution indoors • The one non-air-tight stove was a major indoor pollution source under certain operating conditions.
When operated with a large fire, the non-air-tight stove caused levels of TSP to exceed the EPA's 24-hour outdoor air quality standard and caused 1 evel s of CO to reach the EPA's short-term standards. Indoor 13 concentrati ons of five PAHs greatly exceeded outdoor 1 evel s when the non-air-tight stove was used. N02 and NO levels were extremely low for all tests while HCHO increased only slightly when the non-airti ght stove was operated. The PAH/TSP rati 0 was found to be a qualitative indicator of the amount of stove-generated particles contained in the TSP samples. Finally, the stove operating style was found to be an important factor in the indoor emissions from woodbu rn i ng stoves. 
---------------------------------------------------------------------------
a Effective dimensions are defined to describe the usable volume for loading firewood if the stove was fully loaded.· b Stove 0 is not designed to be fully loaded with wood, but rather to be used with a few logs at a time • Table II . Summa~ of CO, submicron particulate, and miscellaneous data from operating a wood-burning stove. 
-------------------------------------------------------------------------------------
Avg. Peak Out. Avg. Peak Bkgd. 
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Stovel Test
Air-tight- The first two indoor TSP and PAH values reported are from two separate samples taken at two different times during the test, the third number is a~ estimate of the average concentration over the entire burn period using real-time relative particulate concentration data. Insufficient data to calculate an average value over the entire burn period. Table IV. Average CO, TSP, and BaP source strengths whil e stove was operating.
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